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(57) ABSTRACT 


Examples described herein include systems and methods for 
multiband harvesting. An example system may include a 
single wideband antenna followed by several narrowband 
rectifier chains. Each rectifier chain may include a bandpass 
filter, a tuned impedance matching network, and a rectifier. 
The outputs of the rectifiers may be combined using a 
summation network. The summation network, which may be 
a diode summation network, may in some examples provide 
good performance even when only a subset o the narrow- 
band harvesters (e.g. a subset of the rectifier chains) is 
excited. 
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MULTIBAND HARVESTING SYSTEMS AND 
METHODS INCLUDING SWITCHING 
NETWORKS 


CROSS-REFERENCE TO RELATED 
APPLICATION(S) 


[0001] This application claims the benefit under 35 U.S.C. 
$119 of the earlier filing date of U.S. Provisional Application 
Ser. No. 62/144,114, filed Apr. 7, 2015, the entire contents 
of which are hereby incorporated by reference in their 
entirety for any purpose. 


STATEMENT REGARDING RESEARCH & 
DEVELOPMENT 


[0002] This invention was made with government support 
under CNS-1305072 awarded by the National Science Foun- 
dation. The government has certain rights in the invention. 


TECHNICAL FIELD 


[0003] Examples described herein relate generally to 
energy harvesting, and examples of wideband harvesters are 
described. 


BACKGROUND 


[0004] Harvesting ambient RF power is attractive as a 
means to operate microelectronics without wires, batteries, 
or even a dedicated RFID reader. However, previous ambi- 
ent RF harvesters have been narrowband, making mobile 
sensing scenarios infeasible: for example, an RF harvester 
tuned to work in one city will not generally work in another, 
as the spectral environments tend to differ. 

[0005] Ambient radio harvesting is a promising approach 
to powering battery-free sensing, computing, and commu- 
nication devices. The vanishingly small amount of power 
now required by modern microelectronics, along with low 
power communication techniques, make ambient radio har- 
vesting an increasingly viable power supply option. Com- 
pared to solar power, ambient RF has the advantage of being 
available at night, and is attractive from an industrial design 
perspective: the antennas already designed in to mobile 
devices for communication purposes can potentially become 
a power source, without requiring any changes to the form 
factor or appearance of the device. 

[0006] However, there still exist challenges to widespread 
adoption of ambient RF harvesting as a power source. 
Conventional RF harvesting methods are only capable of 
extracting power from a narrow spectral band. The supply 
will cease to provide power when its particular source band 
is not available, either due to geographical fluctuations in 
spectral occupation, occlusion and shielding (e.g., from the 
walls of a building), or simply from multipath fading of the 
ambient signal. When starved of its energy source the device 
must cease to operate, limiting the application space mostly 
to a small geographical area with line-of-sight to an ambient 
radio source of interest. 

[0007] Wideband harvesting may capture energy across a 
large swath of spectrum, but typically results in very low 
efficiency at any particular source frequency as the quality of 
the impedance match between the antenna and single recti- 
fier reduces as the bandwidth increases. Tunable harvesting 
may allow a system to dynamically select a band of interest 
based on spectral availability, and therefore promises to be 
able to provide efficient rectification of signals from a single 
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source, regardless of the frequency of that source. However, 
tunable harvesters in battery free systems may have diffi- 
culty bootstrapping to allow the system to coldstart, and also 
ignore energy outside the band to which they are tuned. 
[0008] Existing multiband harvesting generally makes use 
of multiple antennas, each tuned to a band of interest, and 
each feeding an independent rectifier through a tuned match- 
ing circuit, 


BRIEF DESCRIPTION OF THE DRAWINGS 


[0009] FIG. 1 is a schematic illustration of a system 
arranged in accordance with examples described herein. 
[0010] FIG. 2 is a schematic illustration of a circuitry 
branch arranged in accordance with examples described 
herein. 

[0011] FIG. 3 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. 

[0012] FIG. 4 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. 

[0013] FIG. 5 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. 

[0014] FIG. 6 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. 

[0015] FIG. 7 is a flowchart illustrating a method for 
controlling a switching network with active switches 
arranged in accordance with examples described herein. 


DETAILED DESCRIPTION 


[0016] Certain details are set forth below to provide a 
sufficient understanding of embodiments of the invention. 
However, it will be clear to one skilled in the art that 
embodiments of the invention may be practiced without 
various of these particular details. In some instances, well- 
known circuits, control signals, timing protocols, signal 
processing elements or methods, and software operations 
have not been shown in detail in order to avoid unnecessarily 
obscuring the described embodiments of the invention. 
[0017] Examples described herein include systems and 
methods for multiband harvesting. An example system may 
include as single wideband antenna followed by several 
narrowband rectifier chains. Each rectifier chain may 
include a bandpass filter, a tuned impedance matching 
network, and a rectifier. The outputs of the rectifiers may be 
combined using a summation network. The summation 
network, which may be a diode summation network, may in 
some examples provide good performance even when only 
a subset of the narrowband harvesters (e.g., a subset of the 
rectifier chains) is excited. 

[0018] FIG. 1 is a schematic illustration of a system 100 
arranged in accordance with examples described herein. The 
system 100 includes an antenna 102, trunk node 104, 
circuitry branch 106, circuitry branch 108, circuitry branch 
110, circuitry branch 112, switching network 114, and output 
116. Each of the circuitry branches includes a respective 
bandpass filter, respective matching network, and respective 
rectifier. The antenna 102, which may be a wideband 
antenna, is coupled to the trunk node 104, which in turn is 
coupled to each of the circuitry branches 106-112. The 
circuitry branches 106-112 are coupled to the switching 
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network 114 to sum selected outputs of the circuitry 
branches and provide a DC voltage at the output 116, 
[0019] The antenna 102 may be a wideband antenna. 
Generally, the wideband antenna may receive RF signals 
over a frequency band which is wider than each of the 
frequency bands filtered by the bandpass filters in the 
circuitry branches in the system (e.g., circuitry branches 
106-112). Generally, a wideband antenna used to implement 
the antenna 102 may have approximately the same operating 
characteristics over the passband of the antenna 102. The 
antenna 102 may have a passband that includes frequency 
bands of interest for energy harvesting (e.g. frequency bands 
that may be present in an environment where energy har- 
vesting is to be performed) including, but not limited to, 
cellular frequencies, TV frequencies, and Wi-Fi frequencies. 
Accordingly, the antenna 102 may receive wireless signals 
from multiple signal sources, each type of signal source 
generally configured to transmit wireless signals in a differ- 
ent frequency hand (e,g, short-range transmission. TV 
broadcast, Wi-Fi transmission). Any signal source may 
generally be used to harvest energy in accordance with 
examples described herein, including short-range transmit- 
ters (e.g. RFID readers), TV broadcasters, Wi-fi routers, 
communication devices, and combinations thereof. 

[0020] Four circuitry branches are shown in FIG. 1, how- 
ever any number of frequency branches may be used in other 
examples. In some examples, two frequency branches may 
be used. In some examples, three, four, five, six, seven, 
eight, nine, or ten frequency branches may be used. Gener- 
ally, each frequency branch may include a respective band- 
pass filter configured to pass a particular frequency hand. 
The frequency hand passed by the respective bandpass filters 
are each generally narrower than the passband of the antenna 
102. Each (in some examples, at least two) of the respective 
bandpass filters may he configured to pass a different fre- 
quency band. The respective bandpass filters may be 
orthogonally tuned. The frequency band filtered by the 
bandpass filter may generally be referred to by specifying its 
center frequency (e.g. 433 MHz, 915 MHz, 2.45 GHz, in 
some examples). Examples of frequency bands which may 
be filtered by the bandpass filters include 433 MHz, 915 
MHz, 2.45 GHz in some examples. A range of 400-900 MHz 
in specified intervals in some examples. Generally, any 
number and selection of frequencies may be passed, includ- 
ing those in mobile communication. TV, or other bands. 
[0021] Each circuitry branch further includes a matching 
network coupled to the bandpass filter. The matching net- 
work may be configured to provide impedance matching for 
the respective circuitry branch to the respective rectifier in 
the branch. Each matching network may have one or more 
resistive elements (e,g, resistors), capacitive elements (e.g. 
capacitors), and/or inductive elements (e.g. inductors) that 
provide the impedance. 

[0022] Each circuitry branch further includes a respective 
rectifier. The rectifier is configured to receive the RF signal 
provided from the matching network and rectify the signal 
to provide a DC signal. The respective rectifiers may be 
implemented using respective M stage Dickson charge 
pumps, which may provide, rectification and voltage ampli- 
fication in sonic examples, 

[0023] Accordingly, each circuitry branch coupled to the 
antenna 102 (e.g. at the trunk node 104) may pass a 
respective frequency band to a matching network and pro- 
vide the resulting signal to a rectifier. The trunk node 104 
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may be implemented as a port for the antenna 102. Multiple 
rectified signals may be provided, each from a different 
frequency band. Recall the different frequency bands may 
correspond to signals received from different environmental 
frequency sources (e.g., cellular, TV, Wi-Fi). 

[0024] The multiple rectified signals may be combined at 
an output 116. In some examples, a serial combination (e.g. 
sum) of the rectified signals is provided, at the output 116. 
The output 116 may provide a DC signal (e.g., a DC 
voltage). The output 116 DC signal may be used to power 
one or more load circuits (e.g., sensors). Accordingly, the 
system 100 may be used to harvest energy from many 
different frequency bands in an environment using a single 
antenna in some examples. 

[0025] Generally, the system 100 may have a number (N) 
of bandpass filters, and the respective bands may be spaced 
by frequency deltas (AF), and each rectifier may have a 
respective number of stages. 

[0026] Generally, any frequency bands may be selected 
for the multiband harvester system 100 of FIG. 1. For 
example, the system 100 may implement a multi-protocol 
arrangement targeting several commonly used bands. Each 
circuitry branch may be designed to filter a particular band. 
For instance, 433 MHz, 915 MHz, and 2.45 GHz could be 
filtered by the circuitry branches 106, 108, and 110, respec- 
tively. Other frequencies may be used in other examples. 
Accordingly, knowledge of commonly occupied portions of 
the spectrum which will be most likely to yield power may 
be used to select properties of the circuitry branches. This 
method may achieve high practical efficiency with low 
complexity, as the number of target bands may be relatively 
small. 

[0027] In some examples, each bandpass tiller may filter a 
band a set distance from the neighboring bands over a wide 
bandwidth (e.g. 400-900 MHz in some examples). Accord- 
ingly, any number and placement of RF signals may be 
efficiently harvested in some examples. Accordingly, the 
energy harvester may capture energy efficiently at nearly any 
frequency in a larger prescribed bandwidth (e.g., 400-900 
MHz in some examples). By allocating circuitry branches 
for filtering across a complete range, design of the system 
100 may not rely on knowledge of commonly occupied 
bands in some examples, or on current details of regulatory 
spectral allocation. 

[0028] Examples of parallel harvester topologies, such as 
that shown in FIG. 1, may provide a good match to one 
single-port antenna (e.g. Antenna 102) at multiple bands, at 
least because a respective matching network may be used for 
each band. This is in contrast to solutions which may make 
use of multiple antennas, each covering a particular band of 
interest, or make use of dual-band antennas with multiple 
ports and a single rectifier. Therefore, in contrast to existing 
work, systems described herein may more easily scale in 
some examples to a large number of frequency bands with 
no additional antennas or antenna ports required in some 
examples. 

[0029] The bandpass filters and matching networks used in 
the various circuitry branches may in some examples be 
tuned for desired performance. Tuning may generally refer 
to selecting and/or adjusting the parameters (e.g. values) of 
the various circuit components used m the circuitry 
branches, including the bandpass filters and the matching 
networks. In some examples, a cost function is used to 
optimize the design of the circuitry branches. An example 
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cost function includes minimizing reflected energy in match- 
ing the antenna 102 to the trunk node 104 of the circuitry 
branches. For example, the sum of the return losses (e.g. 
S11) of the harvester at each frequency band should be 
minimized. An example cost function may additionally tit 
instead include minimizing impact of adjacent circuitry 
branches on impedance of the network at each bandpass 
frequency of interest. For example, for each center fre- 
quency, the impedance of adjacent bands may be maxi- 
mized, 

[0030] In some examples, minimizing a weighted combi- 
nation of the two above-described cost function factors may 
be used to select the bandpass filter and match network 
values for each band of the harvester. For example, overall 
S11 at each design frequency may be minimized while 
maximizing adjacent band impedance. For example, con- 
sidering, a scenario in which only a single continuous wave 
is presented to the multiband harvester. If overall S11 is 
simply minimized, the power of this continuous wave may 
end up distributed over several consecutive rectifiers, result- 
ing in several very poorly excited rectifiers and therefore 
may be an inefficient system. To also minimize the match 
quality of adjacent bands generally means that, instead of 
distributing this continuous wave’s power, this power may 
be focused on one rectifier and thereby maximize or improve 
the efficiency of the system in harvesting that continuous 
wave signal. Since most ambient or intentionally radiated 
signals may be relatively narrow bandwidth compared to the 
overall scope of the system 100, most sources may excite 
only one of the circuitry branches of the harvester and 
therefore support this optimization strategy. Other optimi- 
zation strategies may be used in other examples. 

[0031] To perform optimization, in some examples, as 
lumped element model of the harvester may be developed, 
for example in MATLAB. The model may make use of 
empirical rectifier impedance measurements taken from 
implementations of the system 100 in some examples. Each 
rectifier in the multiband harvester may be characterized at 
each of the design frequencies (e.g. center frequencies for 
each of the circuitry branches) in order to achieve a more 
realistic model of the harvester. A simplifying model of the 
antenna may be used in which impedance is constant (e.g. 
5082) across the entire hand of interest, hi some examples, 
the antenna impedance may be measured across the oper- 
ating bandwidth and used to better tune the system 100. 
[0032] Approximations for the bandpass filter matching 
network values for each band may be forward-computed in 
some examples by assuming each band is independent and 
selecting the values which minimize S11. The resulting 
values may be used as the seed values for an optimizing 
search based on cost functions described herein. The result- 
ing component values would be bandpass and matching 
network component values which minimize overall S11 at 
each design frequency while minimizing interaction 
between adjacent bands. 

[0033] Distributed modeling may be used for multiband 
harvesters with a large band count, which may significantly 
increase the complexity of modeling, and the difficulty of 
tuning the harvester. 

[0034] In some examples, the system 100 may overcome 
the Bode-Fano limit, for example, by allowing the match to 
effectively be distributed across multiple loads. Generally, 
the Bode-Fano theorem describes the limits of impedance 
matching between a source and complex load. In conven- 
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tional single-band RF harvesters or wideband harvesters, the 
bandwidth over which the antenna can be well matched to a 
single rectifier will be limited, therefore placing, an upper 
limit on the site of the hand over which the RF-DC conver- 
sion will remain efficient. By allowing the match to be 
distributed across multiple loads (e.g. multiple circuitry 
branches), the system 100 may in some examples overcome 
this limit and achieve improved efficiency over a larger 
band. 

[0035] Note there are at least two impedance interfaces in 
the system 100 that may be matched to improve efficiency 
of RF-DC conversion. The first is the interface between the 
antenna 102 and the trunk node 104 of the multiband 
harvester. The second is the interface between the trunk node 
104 and the rectifier for each of the branches. The Bode- 
Fano theorem may only place a limit on match bandwidth 
for complex sources and/or loads. It may model the limita- 
tions of the match between the trunk node 104 and the 
rectifier for each branch, since the rectifier impedance will 
generally always be complex. However, the antenna-to- 
trunk interface may be designed such that the impedance 
looking into each bandpass filter at its resonant frequency 
may be real and matched to the antenna. Because the 
adjacent branch bandpass filters may have negligible admit- 
tance at any given frequency, they may not contribute 
significantly to the impedance viewed from the trunk node 
104 at adjacent hands. Accordingly, each circuitry branch of 
the system 100 may be Bode-Fano-constrained, but the 
antenna-to-trunk match (and therefore the system 100 as a 
whole) may not be so constrained. 

[0036] FIG. 2 is a schematic illustration of a circuitry 
branch arranged in accordance with examples described 
herein. The circuitry branch 208 may include trunk node 
202, bandpass filter 204, matching network 206, and rectifier 
210. The circuitry branch 208 may be used to implement any 
of the circuitry branches described herein, including any of 
those shown in FIG. 1, for example. 

[0037] The circuitry branch 208 includes a trunk node 
202, which may be coupled to an antenna, such as the 
antenna 102 of FIG. 1. The circuitry branch 208 may include 
a bandpass filter 204 coupled to the trunk node 202. The 
bandpass filter 204 may filter a particular frequency band, 
and may include one or more capacitive elements (e.g. 
capacitors), inductive elements (e.g. inductors), and/or resis- 
tive elements (e.g. resistors) selected to filter for the par- 
ticular frequency band. As shown in FIG. 2, the bandpass 
filter 204 includes a capacitor in series with an inductor. 
[0038] The bandpass filter 204 is coupled to a matching 
network 206. The matching network 206 may include one or 
more capacitive elements (e.g. capacitors), inductive ele- 
ments (e.g. inductors), and/or resistive elements (e.g. resis- 
tors) selected to match the circuitry branch 208 to the 
rectifier 210. For example, the matching network 206 as 
shown in FIG. 2 includes a capacitor coupled between an 
output of the bandpass filter 204 and ground, and an inductor 
coupled between the output of the bandpass filter 204 and an 
input of the rectifier 210. 

[0039] The rectifier 210 may be implemented using cir- 
cuitry for rectifying and/or providing voltage amplification. 
As shown in FIG. 2, the rectifier 210 may be implemented 
using an M stage Dickson charge pump. 

[0040] As described herein, for example, with reference to 
FIG. 1, multiple circuitry branches may be used in systems 
described herein, and indicated by ‘next band’ and ‘previous 
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band’ in FIG. 2. To sum voltages provided by the rectifiers 
in each circuitry branch, the outputs of the rectifiers may be 
connected in series in some examples. In other examples, a 
parallel combination may be used. 

[0041] Accordingly, systems described herein may use a 
serial connection between independent rectifiers, a topology 
which, in the context of multiband harvesting, may only 
provide high efficiency in the case where all bands (e.g. 
circuitry branches) are excited. If one or more bands in such 
a serially connected system are not excited, the diode drops 
in the unexcited bands’ charge pumps may need to be 
overcome by the other bands, resulting in efficiency degra- 
dation. For example, unexcited bands’ RF-DC conversion 
diodes may cease to be a source of voltage (e.g. produce an 
output voltage below a threshold, or no output voltage) at 
low or zero excitation power (e.g. received power below a 
threshold) and provide or develop a voltage drop, therefore 
impeding the flow of current from serially connected excited 
bands. Summation topologies which improve and/or over- 
come this effect generally allow current to divert around 
unexcited bands by providing a path of lesser resistance. 
Inactive bands accordingly may be shorted using a switching 
network. 

[0042] It is generally difficult to produce semiconductor 
switches which are normally-closed when no supply voltage 
is present, a harvester which is capable of cold-starting 
(starting with all circuit nodes at zero volts) generally may 
not have normally-closed connections. However, when rec- 
tifiers from multiple circuitry branches, as described herein, 
are connected serially, normally-open switches can be used 
to short inactive bands and may also behave as open 
switches during a cold-start. Examples of switching net- 
works described herein may accordingly include normally- 
open switches to facilitate cold-start of the system. 

[0043] The presence of unexcited bands (e.g. circuitry 
branches) may commonly occur in some examples, for 
instance where each circuitry branch may be designed to 
filter and rectify RF signals from a particular type of signal 
source (e.g. short-range, cellular, TV, Wi-Fi). Those bands 
may not all always be occupied by signals in the environ- 
ment. Accordingly, during operation, it may commonly 
occur that one or more circuitry branches of systems 
described herein may not be excited at any given time. 
[0044] Accordingly, in sonic examples, a switching net- 
work may be provided (e.g. the switching network 114 of 
FIG. 1), to disconnect certain rectifiers from the output 116, 
particularly when the rectifiers are not excited, and would 
otherwise provide disadvantageous diode drops in a serially- 
connected output. 

[0045] In some examples, the switching network may be 
implemented using “shortcut” diodes to bypass the circuitry 
branches which are not active, allowing an automatic opti- 
mal configuration to be achieved in summing the voltages 
produced by each band rectifier. These shortcut diodes my 
advantageously have both low threshold and low leakage in 
some examples, attributes which may be achievable as they 
will be operating at DC. 

[0046] In some examples, “dead weight” diodes associ- 
ated with un-excited circuitry branches may be bypassed 
with a single, low threshold, low leakage DC diode. Such 
topology may reduce any extra overhead of unexcited bands, 
but may still have overhead in some examples if there are 
many unexcited hands with many bypass diodes for current 
to traverse. 
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[0047] FIG. 3 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. The switching network 300 shown in FIG. 3 is for 
use with five serially-connected circuitry branches, but any 
number of circuitry branches may be used. The circuitry 
branches are represented in FIG. 3 by their rectifiers— 
rectifier 302, rectifier 304, rectifier 306, rectifier 308, and 
rectifier 310. The switches in the switching network 300 are 
implemented using diodes. Other switching elements may 
be used in other examples, including reversible fuses. 


[0048] Inthe example of FIG. 3, one diode is provided for 
each circuitry branch to provide a bypass path for current 
when the rectifier is not producing sufficient voltage. Each 
diode is accordingly connected across one or more output 
diodes of the rectifier to provide a bypass path around the 
output diodes. For example, each diode may be connected 
form an output of a previous band rectifier to the output of 
the next band rectifier. 


[0049] As shown, the diode 320 is connected between 
ground and an output of rectifier 310. Diode 318 is con- 
nected between an output of rectifier 310 and an output of 
rectifier 308. Diode 316 is connected between an output of 
rectifier 308 and an output of rectifier 306. Diode 314 is 
connected between an output of rectifier 306 and rectifier 
304. Diode 312 is connected between an output of rectifier 
304 and output 322, the output node of the overall system 
providing voltage V „um 


[0050] When any of the rectifiers 302-310 are providing 
insufficient voltage to maintain the respective diode in an 
open state, the respective diode will provide a lower resis- 
tance current path, bypassing the output diodes of the 
rectifier, and avoiding presenting the diode drops associated 
with those output diodes to the output voltage V „m. Other 
example switching networks may be able to reduce a num- 
ber of bypass diodes used when multiple circuitry branches 
are unexcited. In FIG. 3, generally one bypass diode was 
used per unexcited circuitry branch. 


[0051] A voltage drop associated with bypass diodes in 
use, may however adversely affect the output voltage V „um 


[0052] In some examples, “shortcut” diodes may be 
placed between each serially-connected band output and the 
two output rails (e.g. the output and ground). This may 
reduce the efficiency hit caused by the bypass diodes i, but 
may not achieve optimal power combination in all cases. For 
instance, if the first and second bands are excited the output 
voltage may be near their sum (minus diode drops), but if the 
first and third bands are excited the output voltage may be 
as low as the maximum of the two band outputs, effectively 
throwing away the benefit of the second excited band. 


[0053] FIG. 4 is a schematic illustration of as switching 
network arranged in accordance with examples described 
herein. The switching, network 400 is shown for use with 
three circuitry branches (e.g. bands), however in other 
examples switching networks may be provided for other 
numbers of circuitry branches, including the four circuitry 
branch example of FIG. 1. In FIG. 4, each circuitry branch 
is represented by their respective rectifier—rectifier 404, 
rectifier 406, and rectifier 408. 


[0054] The example of FIG. 4 may allow the output 402 
to attain the sum voltage of all excited bands, regardless of 
whether the excited bands are contiguous or scattered 
throughout the harvester array. As shown in FIG. 4, each 
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node in the rectifier stack is connected to every other node 
with a diode, generally a properly oriented, low threshold 
and low leakage DC diode. 

[0055] For example, the output of rectifier 408 is con- 
nected to the output of the rectifier 406 by diode 412, to 
output 402 by diode 416, and to ground by diode 414. The 
output of rectifier 406 is connected to the output 402 by 
diode 410 and to ground by diode 418. 

[0056] If only rectifier 408 is not excited (e.g. insufficient 
energy has been rectified by the circuitry branch, such that 
voltage at an output of the rectifier is below a threshold) 
while rectifiers 406 and 404 are excited, the voltage at the 
output of the rectifier 408 may be such that diode 414 
becomes a short, while the voltages at the outputs of rectifier 
406 and rectifier 404 are such that the diodes 412 and 410 
are open. In this manner, the output 402 may be a sum of the 
voltages provided by the rectifier 406 and rectifier 404, 
minus a voltage drop provided by the bypass diode 414. In 
this manner, the rectifier 408 has been disconnected from the 
output 402 by diode 414. 

[0057] Ifrectifier 406 is not excited while rectifier 404 and 
rectifier 408 are excited, the voltage across diode 412 may 
cause diode 412 to short, disconnecting the rectifier 406 
from the output 402. However, the voltages at the outputs of 
the rectifier 408 and the rectifier 404 are such that the diodes 
410 and 414 are open. In this manner, the rectifier 406 has 
been disconnected from the output 402 and the output 402 
may provide a voltage equal to the sum of the outputs of 
rectifier 404 and rectifier 408 less the voltage drop provided 
by diode 412. 

[0058] Ifrectifier 404 is not excited while rectifier 406 and 
rectifier 408 are excited, the voltage across diode 410 may 
cause diode 410 to short, disconnecting the diode 410 from 
the output 402. However, the voltages at the outputs of the 
rectifier 406 and the rectifier 408 are such that the diodes 412 
and 414 are open. In this manner, the rectifier 404 has been 
disconnected form the output 402 and the output 402 may 
provide a voltage equal to the sum of the outputs of rectifier 
408 and rectifier 406, less the voltage drop provided by 
diode 410. 

[0059] Ifboth rectifier 408 and rectifier 406 are not excited 
while rectifier 404 is excited, the voltage across diode 418 
may be such that diode 418 is considered a short, effectively 
disconnecting the rectifier 408 and the rectifier 406 from the 
output 402. The voltage at the output 402 may be the voltage 
provided by the rectifier 404 less the voltage drop of the 
diode 418. 

[0060] Ifboth rectifier 404 and rectifier 406 are not excited 
while rectifier 408 is excited, the voltage across diode 416 
may be such that diode 416 is considered a short, effectively 
disconnecting the rectifier 404 and rectifier 406 from the 
output 402. The voltage at the output 402 may be the voltage 
provided by the rectifier 408 less the voltage drop of the 
diode 416. 

[0061] Ifboth rectifier 408 and rectifier 404 are not excited 
while rectifier 406 is excited, the voltages across diode 410 
and diode 414 may be such that diode 410 and diode 414 are 
considered shorts, but the diode 412 is open, disconnecting 
the rectifier 408 and rectifier 404 from the output 402. The 
voltage at the output 402 may be the voltage provided by the 
rectifier 406 less the voltage drop of the diode 410 and diode 
414. 

[0062] Accordingly, the output 402 in the example of FIG. 
4 may be a sum total of voltages provided by rectifiers in all 
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excited circuitry branches, minus some number of diode 
drops which depends on the number and arrangement of 
bands excited. When multiple bands are not excited, they 
may be in some cases bypassed with a fewer number of 
diodes than the number of excited bands (e.g. one diode 418 
may be used to bypass rectifier 408 and rectifier 406). In 
situations when all hands are excited, the matching network 
of FIG. 4 may perform equivalently or nearly equivalently 
to the approach of simple serial combination of bands. When 
only select bands are excited and others left unexcited, the 
matching network of FIG. 4 may perform more efficiently 
than the simple serial approach. 

[0063] The leakage current of so many DC shortcut diodes 
may be considered when implementing a multiband har- 
vester with a large number of bands. However, while the 
total number of DC shortcut diodes in the system can grow 
large as the number of bands increases, the leakage may not 
scale quite as geometrically, as the average of the reverse 
voltage across a diode in the system will decrease as the 
number of hands increases (given some number and arrange- 
ment of excited bands). 

[0064] FIG. 5 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. The strategy used for the switching network 500 of 
FIG. 5 is similar to that used in FIG. 4, however the 
switching network 500 of FIG. 5 is shown with five circuitry 
branches—represented by rectifier 502, rectifier 504, recti- 
fier 506, rectifier 508, and rectifier 510. 

[0065] The output of each rectifier is connected to the 
output of every other rectifier in the serially chain with a 
diode. Accordingly, a total of 14 diodes are used in FIG. 5. 
A single diode may be used to bypass any number of 
neighboring rectifiers (e.g. disconnect the rectifiers from the 
output 512). For example, a single diode may be used to 
bypass rectifier 510, rectifier 508, rectifier 506, and rectifier 
504 when those corresponding circuitry branches are all 
unexcited, and only the circuitry branch associated with 
rectifier 502 is excited. 

[0066] FIG. 6 is a schematic illustration of a switching 
network arranged in accordance with examples described 
herein. The switching network 600 is shown for use with a 
system having five circuitry branches, represented in FIG. 6 
by their rectifiers—rectifier 602, rectifier 604, rectifier 606, 
rectifier 608, and rectifier 610. In the example of FIG. 6, 
active switches are used to bypass un-excited circuitry 
branches (e.g. disconnect the rectifiers of the unexcited 
branches from the output). 

[0067] The active switch 612 is provided to bypass recti- 
fier 602 and is connected between the output of rectifier 604 
and output 622 of the system. The active switch 614 is 
provided to bypass rectifier 604 and is connected between 
the output of rectifier 606 and the output of rectifier 604. The 
active switch 616 is provided, to bypass rectifier 606 and is 
connected between the output of rectifier 608 and the output 
of rectifier 606. The active switch 618 is provided to bypass 
rectifier 608 and is connected between the output of rectifier 
610 and the output of rectifier 608. The active switch 620 is 
provided to bypass rectifier 610 and is connected between 
ground and an output of rectifier 610. 

[0068] The active switches used in examples described 
herein may be implemented using a variety of components, 
including but not limited to transistors and reversible fuses. 
[0069] Generally, the active switches each have a control 
terminal for receipt of a respective control signal, and may 
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close responsive to receipt of an active control signal. In 
some examples, however, normally closed switches may 
additionally or instead be used. 

[0070] A diode switching network may be present in some 
examples together with a network of active switches. For 
example, the switching network 500 of FIG. 5 may be 
connected in parallel with the switching network 600 of FIG. 
6. In that manner, the diode switching network may be used 
during cold-start of a system—e.g. when a system is in a 
startup mode. During cold-start or a start-up mode, it may be 
undesirable or impractical to control active switches, how- 
ever passive diodes may supply the bypass functionality 
described herein. Once startup is achieved and active control 
is possible (e.g. during normal operation), the bypass func- 
tionality may be performed using the active switches. 
[0071] FIG. 7 is a flowchart illustrating to method for 
controlling a switching network with active switches 
arranged in accordance with examples described herein. The 
method 700 may be perforated by as controller, logic cir- 
cuitry, or other computing system provided for control of 
switching networks including active switches described 
herein. The method 700 may be implemented in hardware, 
software, firmware, or combinations thereof. 

[0072] The method 700 may begin with a reset or cold 
start of a system in block 702. For example, when a system 
(e.g. the system in any of the Figures shown herein) first 
receives power or first receives power after a period of time 
has elapsed without power, it may be in a startup mode (e.g. 
cold start). In some examples, where a complete or partial 
passive switching network is present (e,g, using diodes), the 
diodes may be used to bypass unexcited circuitry branches 
(e.g. disconnect their rectifiers from an output node). 
[0073] In decision block 704, a determination is made 
whether the system has sufficient energy for optimization. 
The controller, logic circuitry, or other computing system 
implementing the method may monitor available energy, e.g. 
by monitoring an output voltage, energy stored on a capaci- 
tor, or other indicia of available energy. The energy reservoir 
being monitored may be connected, for example, after 
voltages from rectifiers in multiple circuitry branches have 
been summed, for example after a switching network (e.g. 
after switching network 114 of FIG. 1). If the available 
energy is above a threshold for optimization, then the 
method may proceed. If not, the method may end, or may 
move to consider a next switch in the system (e.g. Block 
714). 

[0074] Ifthere is sufficient energy for optimization, a state 
of one active switch in the system may be changed in block 
706. Following the change, the outwit voltage of the system 
may be monitored. Referring to FIG. 6 for example, the 
active switch 620 may be changed from an open to a closed 
state, and the output 622 may be monitored. If the output 622 
improves (e.g. a greater amount of voltage is available after 
changing the state of the active switch 620), the new state 
may be adopted in block 710. If the output 622 does not 
improve (e,g, a same or lesser amount of voltage is available 
after changing the state of active switch 620), the controller 
logic circuitry, or other computing system performing the 
method 700 may revert the active switch 620 to the prior 
state (e.g. open). 

[0075] In block 714, the method is repeated for a next 
switch in the system. For example, an energy check may be 
performed to confirm sufficient energy for optimization, the 
switch state may be changed and the output voltage moni- 
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tored, as described in blocks 704, 706, 708, 710, and 712. 
These blocks may be repeated for each active switch in the 
switching network (e.g. each active switch shown in FIG. 6). 
Once all switches have been considered, in some examples, 
the system will repeat the process again for all switches. In 
this manner the state of all switches may be considered 
continuously during operation of the system. In some 
examples, once all switches have been considered, the 
control system may enter a sleep state and perform optimi- 
zation only from time to time after the first optimization, or 
not until another reset or cold start in some examples. 
[0076] Examples described herein may provide RF energy 
harvesting which may be suitable for mobile applications 
(e.g. to power a cell phone, other mobile computing system, 
and/or sensors). Example energy harvesters described, 
herein may be used to power ambient RF-powered data 
logging sensors that may, for example, upload data to RFID 
readers when in range. 

[0077] An integrated multiband system with a single 
antenna port may be used as a universal RF energy harvest- 
ing solution. Systems may be able to be used in a plug-n- 
play fashion with a wide variety of antennas and across a 
wide variety of target frequencies. 

[0078] Examples of systems (e.g. harvesters) described, 
herein may provide benefits in some examples. Example 
benefits are described herein to facilitate understanding. It is 
to be understood that not all examples may have all, or even 
any of the described benefits. Some example benefits may 
include (1) RF source flexibility (2) access to additional 
power and/or (3) improved sensitivity. RF source flexibility 
generally refers to the harvester being able to operate using 
any subset of several potential source frequencies. The 
benefit of multiband harvesting generally provides access to 
additional power because the harvester can collect energy 
from multiple RF sources simultaneously. Another benefit 
may be that multiband harvesting can provide improved 
sensitivity in circumstances in which no one source provides 
enough power to operate the device, but several sources in 
combination do. 

[0079] RF source flexibility may be significant because it 
may enable mobile RF harvesting: the frequency of the 
strongest RF source may not generally be the same in each 
city; examples of multiband harvesters described herein may 
allow as device to capture power from the strongest sources 
it encounters in the environment. The summation networks 
described herein may be advantageous for RF source flex- 
ibility. A multiband harvester without the switching net- 
works may require simultaneous excitation in all or most of 
its input hands. While such a harvester might provide 
benefits such as increased total power and increased sensi- 
tivity, it would not provide RF source flexibility. One can 
imagine providing RF source flexibility with an actively 
tunable harvester design, but the active circuitry would 
typically cost substantial power, resulting, in a system with 
low net efficiency. 

[0080] The efficient multiband harvesting described, 
herein can enable mobile RF harvesting, increasing the 
practicality of ambient RF as a power source. Applied in the 
context of RFID, this can enable a sensor tag that uses 
ambient RF power to sense and to data, and then downloads 
the data when interrogated by an RFID reader. 

[0081] Example energy harvesting systems described 
herein may be utilized in a backscattering transponder. Such 
a device may operate both as a passive RFID tag and as an 
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ambient backscatter transponder, capable of operating from 
both “planted” energy sourced by an RFID reader, and with 
“wild” RF energy from existing signals such as those used 
in Wi-Fi, cellular, and TV transmissions. Such a backscat- 
tering transponder could communicate orthogonally at each 
of the design frequencies of the multiband harvester by 
performing impedance modulation separately for each band, 
and may be able to achieve communication diversity and 
multiplexing gains which could result in higher rates, longer 
ranges, and improved robustness. 


[0082] Example energy harvesting systems described 
herein may be utilized in stand-alone sensor devices—e.g. 
Internet-of-things devices. Sensor devices that may utilize 
energy harvesting systems described herein include, but are 
not limited to, home sensors where energy harvesting sys- 
tems described herein may eliminate or reduce a need to 
change the home sensor batteries. 


[0083] Example energy harvesting systems described 
herein may be utilized in existing devices to provide addi- 
tional functionality without depleting traditional power 
sources. For example, energy harvesting systems described 
herein may be utilized on a cell phone, tablet, laptop, or 
other device to provide minimum functionality when the 
battery is depleted (e.g. for use in locating the device and/or 
providing ‘always on’ for faster wake-up of the device, 
and/or maintaining state of the device). 


[0084] Example harvesting systems described herein (e.g. 
circuitry branches and switching networks) may be imple- 
mented as a system on a chip or multiple chips in some 
examples). The chip may have a port for connection to an 
antenna (e.g. a wideband antenna). Example devices (e.g. 
cell phones, tablets, appliances, sensors, backscattering tran- 
sponders) may include such an example chip and use it to 
harvest energy from the environment and power one or more 
functionalities of the device. 


EXAMPLES 


[0085] A SPICE model of a multiband harvester was 
constructed and subjected to some virtual experimentation. 
First, a single band model was constructed using Avago 
HSMS-285C diode models in a 3-stage Dickson charge 
pump arrangement. The impedance of the single band 
charge pump was measured at each of the design frequencies 
for the system. Eight bands in the region of the spectrum 
were selected: 300 MHz, 356 MHz, 423 MHz, 503 MHz, 
597 MHz, 709 MHz, 842 MHz, and 1 GHz. A first order LC 
bandpass fiber was generated at each design frequency (with 
a Q of 5) and used to isolate the eight bands. A low-pass 
L-match network was then constructed for each band, to 
match the 50Q source to the load impedance of each band’s 
rectifier at its design frequency. All values were forward- 
computed based on initial simulated impedance measure- 
ments; no iteration was performed once initial component 
values had been selected, 


[0086] A diode summation network was also constructed 
using the SPICE model for the SDM03U40 Schottky diode 
manufactured by Diodes. Inc., and used to stun the DC 
output power from each of the eight bands. The output of the 
summation network was connected to a 100 kQ load resistor 
to simulate a device being powered. 


[0087] The RF-DC Version efficiency as a function of 
frequency tier a single-tone excitation indicated the intended 
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design frequencies aligned well with the conversion effi- 
ciency peaks, though there was variation in the conversion 
efficiency between bands. 


[0088] To characterize the effectiveness of the summation 
network and its impact on the multiband harvester, a series 
of tests were done on two systems: One with the summation 
network in place, and one with only a simple serial connec- 
tion between bands. The two systems were otherwise iden- 
tical. Eight simulated voltage sources were connected seri- 
ally to generate up to eight excitation tones. The eight 
sources were modulated in a binary-weighted fashion, turn- 
ing on or off each source to ultimately produce every 
possible combination of excited bands (eight bands yields 
256 permutations). The source power per band was set to +3 
dBm for this simulation. A transient simulation was per- 
formed for each combination of excited bands, and the 
summed output voltage was measured after a fixed stabili- 
zation period had expired. 


[0089] Power from multiple bands combined somewhat 
linearly, with each additional hand contributing approxi- 
mately 750 uW to the sum output power on average. Note 
that for each permutation of excited bands, the output power 
may vary for two reasons: The first is that the RF-DC 
conversion efficiency for each band may not be equal. The 
second is more subtle; the diode summation network may 
exhibit a different operating efficiency depending on the 
arrangement (not simply the number) of excited bands. 


[0090] This arrangement-dependent summation efficiency 
can be shown by comparing the case in which only bands 1, 
3, and 5 are excited to the case in which only bands 1, 2, and 
3 are excited. In the former case, multiple shortcut diode 
drops must be overcome between the excited bands, while in 
the latter case the bands are adjacent and therefore sum 
serially with no diode drop between them. 


[0091] On average the summation network provided a 
significant benefit in terms of delivered power), though there 
are a number of test eases in which the presence of the 
summation network reduces overall efficiency. This may be 
attributed to the reverse leakage current of the summation 
diodes, which may become a significant factor with the large 
number of diodes required to implement the network. 


[0092] A 2-band and 5-band prototype were implemented 
with discrete components. The prototypes use 3 stages per 
band and the described “shortcut” summation topology, and 
were connected to a wideband log-periodic antenna with a 
roughly 6 dBi gain when the experiment required. The 
two-band harvester design frequencies are 539 MHz and 915 
MHz, and the fiveband harvester design frequencies are 400 
MHz, 480 MHz, 590 MHz, 735 MHz, and 900 MHz. Avago 
HSMS-285C Schottky; diodes were used in the 3-stage 
RF-DC conversion charge pumps. The summation network 
made use of low-threshold and low-leakage SDM03U40 
diodes manufactured by Diodes, Inc. 


[0093] Tuning of the prototypes were accomplished by 
first installing the bandpass filters for every band, shorting 
the L-match network for every band, and measuring RF port 
impedance at each of the design frequencies with a test 
power of -10 dBm. The impedance measurements made 
with the shorted matching network were used to estimate 
matching component values. Matching was then done 
empirically for each and in turn, with some iteration due to 
the impact of each band on the consecutive bands. 
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[0094] During the following tests to characterize the per- 
formance of the harvester. A 100 kQ resistive load was 
placed at the output of the summation network. 
[0095] A. Single-Tone Response 
[0096] The 2-band and 5-band prototypes were first sub- 
jected to a single-tone excitation at a power level of -10 
dBm (100 uW), and the S11 (reflected power) and RF-DC 
conversion efficiency were measured. 
[0097] During the tuning procedure, the minimization of 
S11 was the only goal, and this was a potential cause for the 
decreased efficiency observed in the 5-band harvester: In 
this system, S11 was not a good predictor for RFDC 
conversion efficiency. While the minimal S11 and maximal 
RF-DC efficiency points for the 2-band prototype matched 
well, the 5-hand harvester did not exhibit the same correla- 
tion for every band. For instance, while the fourth band’s 
S11 showed a very good impedance match to the 50Q 
source, the RFDC conversion efficiency was extremely poor 
compared to the other hands. The discrepancy between S11 
and RF-DC, efficiency in the 5-band prototype may be due 
to the large amount of interaction between bands; in that 
prototype the quality factor of the bandpass filter was low 
and therefore adjacent hands may have had a strong inter- 
action. 
[0098] An experiment was performed to characterize the 
multi-band excitation response of the 2-band prototype. The 
goal of this experiment was to quantify how well the 
harvester can combine power from multiple hands. 
[0099] B. Multi-Excitation Response 
[0100] The multi-excitation experiment consisted of a 
two-hand excitation produced by combining the output of 
two RF function generators. The RF-DC conversion efli- 
ciency of the entire system increased as more hands were 
excited. 
[0101] C. In the Wild 
[0102] The 5-band harvester was subjected to two sce- 
narios in which “wild” RF energy was present. In the first 
scenario, it was placed in the field of a UHF RFID reader 
emitting 30 dBm at 915 MHz into a 6 dBic circularly 
polarized antenna. At a distance of 5 m from the RFID 
reader, the harvester was able to produce 2.3 V across a 100 
KQ load, for a delivered power of 53 uW. 
[0103] In the second scenario, the 5-hand harvester was 
placed at a location 4.2 km distant from a TV broadcast 
tower emitting 1 MW at 539 MHz, and was able to produce 
2.5 V across the same 100 kQ load for a delivered power of 
62.5 uW. These “wild” scenarios appeared to indicate that, 
despite mediocre conversion efficiency when presented with 
a 5002 bench source, the antenna-connected harvester 
appears to work serviceably with single-band excitation 
from two very different ambient RF sources. 
[0104] Switching Networks 
[0105] Models of each of the three switching networks 
shown in FIGS. 3, 5, and 6 were constructed. A 5-band 
harvester model was used as a source in a simulation 
testbench. The goal of modeling was to characterize the 
summation benefit of each method over a naive serial 
combination of DC harvester outputs as a function of the 
excitation state of the 5-band harvester. 
[0106] A SPICE model for the HSMS-282 diode used in 
serial summation was used as follows: 

[0107] DdS=4.8E-8, CJO=0.649E-12, VI=5.6, 

BV=26.7, IBV=10E-4, EG=0.69, N=1.067, RS=7.8, 
XT1=2, M=0.5) 
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[0108] A. Test Setup: Multiexcitation Testing 


[0109] Two fixed-resistance loads were used in each test 
scenario, 10 kQ and 100 kQ, and represent typical np W-scale 
loads that may be experienced in an energy harvesting 
device. A load capacitance of 10 nF was used. Two excita- 
tion power levels were used in each test scenario, -10 dBm 
and -20 dBm. In the multiexcitation tests, each excited band 
for a particular test was subjected to this excitation power 
and the other frequency bands were left unexcited. Every 
possible permutation of excited bands was tested for each 
data set, For each data point in each set, a transient simu- 
lation was allowed to run until a stable output voltage was 
reached, and the power across the load was then computed. 


[0110] Low forward voltage and low reverse saturation 
current both must be achieved for summation network 
diodes to have a positive benefit. In all tests the HSMS-282 
Schottky barrier diodes were used for summation as they 
have very low advertised forward voltage while maintaining 
low reverse saturation current. The parameters of the diode 
models used in the diode summation network are given in 
the SPICE model above. 


[0111] In the modeled switching network including, active 
switches, bands left unexcited were bypassed by switches. 
The switch model used a 50 ‘on’ resistance and a 10 MQ 
‘off resistance, conservatively chosen values for low power 
analog switches such as the ADC1802 operating at low 
voltages. Switch power consumption for the ADG802 is 
under 10 nW per device. To estimate the overhead of the 
control logic, a TI MSP430G2553 microcontroller power 
consumption in low power mode (LPM3, with a crystal 
oscillator active) was assumed. 1. The total power consump- 
tion of switches and control logic is just under 1 uW, and all 
results involving intelligent switching reflect this overhead. 


[0112] The diode summation network of FIG. 5 generally 
provided a benefit excepting the ease in which all five bands 
were excited. The simple diode summation network of FIG. 
3 also reliably provided a benefit, but in general was less 
beneficial over the complete test space than the full diode 
summation network. 


[0113] The intelligent switching summation network 
including active switches, however, provided a strong ben- 
efit at higher input power but was less advantageous and 
even became an impediment as excitation power dropped. 
This decrease in efficacy with very low excitation power is 
a symptom of the power draw of the logic system for the 
intelligent switching network, and therefore is dependent on 
specific implementation. 


[0114] From the foregoing it will be appreciated that 
although specific embodiments of the invention have been 
described herein for purposes of illustration, various modi- 
fications may be made without deviating from the spirit and 
scope of the invention. 


What is claimed is: 
1. A system comprising: 


a wideband antenna configured to receive wireless signals 
from at least a first type of signal source configured to 
transmit in a first frequency band, and at least a second 
type of signal source configured to transmit in a second 
frequency band, different from the first frequency band; 
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a first circuitry branch including: 

a first bandpass filter configured to pass at least a 
portion of the first frequency band; 

a first matching network coupled to the first bandpass 
filter; and 

a first rectifier coupled to the first matching network: 

a second circuitry branch including: 

a second bandpass filter configured to pass at least a 
portion of the second frequency band: 

a second matching network coupled to the first band- 
pass filter; and 

a second rectifier coupled to the first matching network, 
wherein outputs of the first and second rectifier are 
configured to couple in series to an output; 

a first switch positioned to disconnect the first rectifier 
from the output when a voltage provided by the first 
rectifier is below a first threshold; and 

as second switch positioned to disconnect the second 
rectifier from the output when a voltage provided b the 
second rectifier is below a second threshold. 

2. The system of claim 1 wherein the first and second 

switches comprise diodes. 

3. The system of claim 1 wherein the first and second 
switches comprise active switches. 

4. The system of claim 3 wherein the active switches 
comprise normally-open switches. 

5. The system of claim 1 wherein the first and second 
switches comprise diodes and wherein the system further 
includes a first active switch positioned to disconnect the 
first rectifier from the output responsive to a first control 
signal and a second active switch positioned to disconnect 
the second rectifier from the output responsive to a second 
control signal. 

6. The system of claim 5 wherein the system is configured 
to have the first and second diodes provide control during 
startup of the system, and the first active switch and the 
second active switch provide control during normal opera- 
tion of the system. 

7. A system comprising: 

a wideband antenna configured to receive wireless signals 

over a first frequency range; 

a plurality of circuitry branches, each of the plurality of 
circuitry branches including: 

a respective bandpass filter to pass a different respec- 
tive frequency range, each different respective fre- 
quency range being narrower than the first frequency 
range; and 

a respective rectifier coupled to the respective bandpass 
filter, the respective rectifier configured to rectify a 
signal received from the respective bandpass filter; 

wherein an output of a plurality of respective rectifiers are 
configured to be coupled in series to an output; and 

a switching network coupled to the output and configured 
to disconnect selected one or ones of the plurality of 
respective rectifiers from the output 

8. The system of claim 7 further comprising a load circuit 
coupled to the output, the load circuit configured to receive 
power from the output. 

9. The system of claim 8 wherein the load circuit com- 
prises a backscattering transponder. 

10. The system of claim 8 wherein the switching network 
comprises a diode network. 

11. The system of claim 8 wherein the switching network 
comprises a network of active switches. 
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12. The system of claim 8 wherein the switching network 
comprises a diode network and a network of active switches, 
wherein the diode network is configured to disconnect 
selected one or ones of the plurality of respective rectifiers 
from the output during a startup mode, and wherein the 
network of active switches is configured to disconnect 
selected one or ones of the plurality of respective rectifiers 
from the output after the startup mode. 

13. The system of claim 7 wherein component values in 
at least one of the plurality of circuitry branches are selected 
based, at least in part, on minimizing reflected energy at the 
wideband antenna at the respective frequency range and 
maximizing impedance of circuitry branches adjacent the at 
least one f the plurality of circuitry branches at the respective 
frequency range. 

14. The system of claim 7 wherein an impedance looking 
into each respective bandpass filter is real and matched to the 
wideband antenna. 

15. A method comprising; 

receiving wireless signals at an antenna; 

filtering the wireless signals into at least two frequency 

bands to provide at least two filtered signals; 
rectifying each of the at least two filtered signals to 
provide respective rectified signals; and 

combining selected ones of the respective rectified signals 

to provide an output voltage. 

16. The method of claim 15 wherein said combining 
selected ones of the respective rectified signals comprises 
selecting the ones of the respective rectified signals having 
an amplitude greater than a threshold. 

17. The method of claim 16 wherein said selecting 
comprises activating switches to disconnect other ones of 
the respective rectified signals from an output. 

18. The method of claim 15, wherein the wireless signals 
include cellular and TV signals, and wherein the at least two 
frequency bands comprise a first frequency band associated 
with cellular signals and a second frequency band associated 
with TV signals, 

19. The method of claim 15, wherein combining selected 
ones of the respective rectified signals comprises applying 
the respective rectified signals to a diode network. 

20. The method of claim 15, wherein combining selected 
ones of the respective rectified signals comprises applying 
the respective rectified signals to a network of active 
switches. 

21. The method of claim 20, further comprising selecting 
a state for each active switch in the network of active 
switches. 

22. The method of claim 21, wherein selecting the state 
for each active switch comprises, for each active switch in 
the network of active switches: 

changing as state of the active switch from an initial state 

to a changed state; 

monitoring the output voltage after the state of the active 

switch changed; 

selecting the changed state if the output voltage increased 

after the state of the active switch changed; 

selecting the initial state if the output voltage decreased 

after the state of the active switch changed. 

23. The method of claim 15, wherein combining selected 
ones of the respective rectified signals comprises applying 
the respective rectified signals to a diode network during a 
startup mode and applying the rectified signals to a network 
of active switches after the startup mode. 
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24. The method of claim 15, further comprising applying 
the output voltage to a load circuit. 

25. The method of claim 24, wherein the load circuit 
comprises a backscattering transponder. 


* * * * * 
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